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ABSTRACT Functional heteromeric plant Shaker potassium channels can be formed by the assembly of subunits from
different tissues, as well as from diverse plant species. KDC1 (K1 Daucus carota 1) produces inward-rectifying currents in
Xenopus oocytes when coexpressed with KAT1 and other subunits appertaining to different plant Shaker subfamilies. Owing to
the presence of KDC1, resulting heteromeric channels display slower activation kinetics, a shift of the activation threshold
toward more negative membrane potentials and current potentiation upon the addition of external zinc. Despite available
information on heteromerization of plant Shaker channels, very little is known to date on the properties of the various stoi-
chiometric conﬁgurations formed by different subunits. To investigate the functional properties of heteromeric nKDC1/mKAT1
conﬁgurations, we realized a series of dimeric constructs combining KDC1 and KAT1 a-subunits. We found that homomeric
channels, formed by monomeric or dimeric a-subunit constructs, show identical biophysical characteristics. Coinjections of
diverse tandem constructs, instead, displayed signiﬁcantly different currents proving that KDC1 has high afﬁnity for KAT1 and
participates in the formation of functional channels with at most two KDC1 subunits, whereas three KDC1 subunits prevented
the formation of functional channels. This article brings a contribution to the understanding of the molecular mechanisms
regulating plant Shaker channel functionality by association of modulatory subunits.
INTRODUCTION
In animal as well as in plant cell membranes, potassium
channels are tetramers formed in the endoplasmic reticulum
from four identical or different subunits, transferred to the
plasma membrane as homomeric or heteromeric channels,
which are irreversibly assembled (1–11). Evolution selected
a series of modulatory auxiliary a- or b-subunits to ﬁne-tune
the ion channels properties according to cellular needs (12).
Unlike b-subunits, modulatory a-subunits participate in the
formation of the channel’s permeation pore. They possess
properties of auxiliary regulatory proteins and play modu-
latory roles in either voltage- (13–15) or ligand-gated chan-
nels (16–20). While modulatory a-subunits participate in the
formation of heteromeric channels, they are typically unable
to form functional homotetrameric channels when expressed
alone in heterologous systems.
The stoichiometry of voltage-dependent potassium chan-
nels has been extensively described in animal cells
(2,15,21,22). For example, the stoichiometry of heteromeric
potassium channels composed of animal Kv2.1 and the
modulatory Kv9.3 (23) a-subunits was recently resolved by
FRET measurements (15). These channels heteromerize with
a ﬁxed 3:1 stoichiometry between a-subunits and a modu-
latory a-subunit; similar results were obtained for CNG
channels (24).
Differently from animal channels, no information is
available to date on the assembly and the functional prop-
erties of different stoichiometric conﬁgurations of potassium
channels in plants. KDC1 (from Daucus carota) is a plant
Shaker-type subunit belonging to the silent AtKC1 group,
which does not express functional homomeric channels in
Xenopus oocytes (7,11). It has been demonstrated that KDC1
participates in the formation of stable inward-rectifying
potassium channels when coinjected with other potassium
channel subunits cloned from carrot (like DKT1 (25)) or
from other plants (7,11). KAT1 (from Arabidopsis thaliana)
belongs to group II of plant Shaker channels (26,27) (for
review, see (28,29)). While DKT1 properties are unknown
(as DKT1 does not express functional homomeric channels
in oocytes (25)), KAT1 is a well-characterized channel pro-
ducing stable currents when coinjected with KDC1, there-
fore it is a useful partner for coexpression with KDC1.
Interestingly, the presence of KDC1 slows the activation of
inward currents down and shifts the threshold of activation
toward more negative membrane potentials. Moreover,
KDC1 also modiﬁes the current response to Zn21 added to
the bath solution: indeed, contrary to KAT1, heteromeric
channels comprising KDC1 are no longer inhibited, but
rather potentiated by external zinc (7,11). Zinc binding in-
volves two histidines residing in the KDC1 S3–S4 and S5–
S6 linkers (11). This peculiar reactivity of KDC1 to zinc can
be used as a pharmacological tool to monitor the presence
and properties of KDC1 in heteromeric K1 channels.
The interaction of KDC1 with KAT1 subunits was inves-
tigated by the coinjection of KDC1 and KAT1 constructs in
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Xenopus oocytes, with the aim to verify which stoichiometric
conﬁguration, between these two subunits, is functional.
As the assembly of tetrameric channels seemed to proceed
as a dimerization of dimers (30), we decided to coinject a
series of appropriate tandem constructs encoding for cova-
lently linked KAT1 and KDC1. This allowed us to decrease
the number of possible conﬁgurations originating from the
combination of different subunits, and to facilitate the inter-
pretation of coexpression experiments (Fig. 1).
MATERIALS AND METHODS
Molecular biology
Dimeric constructs schematically represented in Fig. 1 were obtained as
follows.
KAT1-KAT1 dimeric construct
Vector: KAT1 inserted in pGEMHE vector (5) was mutated at the 59 end of
the coding sequence to insert a BamHI site.
Insert: After the above modiﬁcation, the vector was also mutated at the 39
end of the coding sequence of KAT1 to insert a BamHI site. Vector and
insert were digested with BamHI and a ligation was performed to ligate
KAT1 insert in KAT1-pGEMHE vector. The tandem construct was ana-
lytically digested to verify the correct orientation of the insert, then positive
clones were sequenced to assess that the right reading frame between the two
coding sequences was maintained. Three amino acids were inserted to link
the C- and N-termini of KAT1 which remained otherwise unaltered; a
similar procedure was also adopted to construct other dimers (see below).
KDC1-KDC1 dimeric construct
Vector: KDC1-pGEMHE was mutated to insert a SacII site at the 59 end of
the coding sequence of KDC1.
Insert: KDC1 cDNA was ampliﬁed by PCR from KDC1-pGEMHE to
insert a SacII site both at the N-terminus and C-terminus eliminating the stop
codon. Ampliﬁed KDC1 (1.7 Kb) and KDC1-pGEMHE were digested with
SacII, and KDC1-pGEMHE was subsequently digested with SmaI in the
region before the start codon; in this way a 23-bp region was deleted,
eliminating an ATG codon to avoid an incorrect starting point. The two
fragments were ligated by T4 DNA ligase at the SacII site. After EtOH-
precipitation, T4 DNA polymerase was used to blunt the nonligated-SacII-
digested ends of ampliﬁed KDC1, and a second ligation was performed to
close the KDC1-pGEMHE, with inserted KDC1, using SmaI-generated
blunt end. The dimeric construct was analytically digested to verify the
correct orientation of the insert, and then positive clones were sequenced to
check the presence of the correct frame between the two coding sequences.
KDC1-KAT1 dimeric construct
See Picco et al. (11) for details.
Mutated KDC1G226A-KDC1G266A dimeric construct
Vector: KAT1-KDC1 tandem (not described) was mutated in the pore region
of the KDC1 sequence by site-directed mutation of glycine 266 into an
alanine (G266A).
Insert: Monomeric KDC1G266A was ampliﬁed by PCR to introduce a
SacII recognition site both at the N-terminus and C-terminus eliminating the
stop codon. KAT1-KDC1G266A and KDC1G266A were digested with SacII.
KAT1-KDC1G266A digestion produced two fragments of 2000 bp (KAT1)
and 5000 bp (pGEMHE-KDC1G266A), respectively. KAT1-KDC1G266A
SacII-digested and KDC1G266A SacII-digested were loaded on a preparative
agarose gel, and the two bands obtained from KAT1-KDC1G266A digestion
were separated. The 5000 bp and the KDC1G266A SacII-digested bands were
eluted from the gel. The two fragments were then ligated by T4 DNA ligase
using the SacII site. The tandem construct was analytically digested to verify
the correct orientation of the insert, and then positive clones were sequenced
to check the correct frame between the two coding sequences.
Mutations were obtained using QuikChange Site-Directed Mutagenesis
Kit (Stratagene, La Jolla, CA). All mutants were sequenced to conﬁrm the
mutation. PCR ampliﬁcations were performed with a Tpersonal thermo-
cycler (Biometra, Gottingen, Germany), using Advantage 2 PCR Kit
(Clontech, Mountain View, CA). Restriction enzymes were from Fermentas
(Burlington, Ontario, Canada) or Promega (Promega, Milano, Italy). In vitro
transcription was performed using the mCAP-RNA Capping Kit (Stratagene).
Oocyte expression and electrophysiology
Oocytes were isolated from Xenopus laevis females (31) and injected or
coinjected (at 1:1 weight ratio, unless otherwise speciﬁed) with cRNA (0.4
mg/ml) encoding for wild-type and mutant homomeric and dimeric
constructs using a Drummond ‘‘Nanoject’’ microinjector (50 nl/oocyte).
Whenever a comparison was made, experiments were performed on the
same batch of oocytes, from the same frog, and always on the same day from
the injection. Whole cell K1 currents were measured with a two-micro-
electrode homemade voltage-clamp ampliﬁer (designed by F. Conti), using
0.2–0.4 MV electrodes ﬁlled with 3 M KCl. The following standard bath
solution was used (in mM): 100 KCl, 2 MgCl2, 1 CaCl2. 1 LaCl3, and 10
MES/Tris, pH 5.6. 1 mM LaCl3 was added to the bath solution to inhibit
oocyte endogenous currents elicited by potentials more negative than 160
mV. It was veriﬁed in advance that in our working conditions La31 had no
effect on the K1 channels under investigation (C. Picco, A. Naso, P. Soliani,
and F. Gambale, unpublished). Zn21 was added to the external standard
solution as ZnCl2 at 1 mM concentration.
Data analysis
The relative open probability was obtained by dividing the steady-state
currents by (V-Vrev) and was normalized to the saturation value of the
FIGURE 1 Schematic representation of various conﬁgurations generated
by the coinjection of dimeric constructs. Different hypothetical conﬁgura-
tions produced by coinjections of KAT1-KAT1, KDC1-KDC1, and KDC1-
KAT1 tandem constructs at 1:1 cRNA ratio. Note that the homomeric KDC1
channel is not functional.
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calculated Boltzmann distribution. Unless otherwise indicated, experimental
points represent mean values of at least ﬁve experiments, mean6 SE. Half-
activation potentials (V1/2) and apparent gating charge, z, were determined
by ﬁtting experimental points with a single Boltzmann isotherm of the form:
Popen ¼ 1/[1 1 exp(zF(V-V1/2)/RT)].
The binomial distribution Fi ¼ n!/[i!(n–i)!] * ui(1–u)n-i (where Fi is the
fraction of protein containing i subunits, u is the molar fraction of the
X-subunit, and n is the number of subunits participating to the channel) was
used to calculate the probability of random and independent tetramer forma-
tion from two (X and Y) dimers (21).
RESULTS
KDC1 has modulatory capability and high afﬁnity
for other inward-rectifying plant Shaker K1
channel subunits
KDC1 from carrot is an efﬁcient modulator of plant inward-
rectifying K1 channel subunits, like KAT1, modifying some
of the characteristics such as the activation threshold and the
kinetics of channel activation (Fig. 2 A, right). It has also
been demonstrated that an increased percentage of KDC1,
coinjected with KAT1, determines a progressively slower
current activation and an increased sensitivity to current
potentiation mediated by zinc (7,11). Notably, KDC1 also
favors the functional expression of potassium channel sub-
units, which do not produce functional homomeric channels
in Xenopus oocytes (32–34). As illustrated in Fig. 2 A (left),
KDC1 was able to form fully functional ion channels with
DKT1 (also from carrot) (25), SKT1 (from Solanum
tuberosum), and AKT1 (from A. thaliana) when coinjected
(at 1:1 weight ratio). Consistently with what was observed on
KDC1:KAT1 (7,11), these inwardly directed currents were
mediated by heteromeric channels which displayed proper-
ties related to KDC1 such as zinc-dependent potentiation of
the current (25).
The high afﬁnity of KDC1 for other potassium channel
subunits, irrespectively of the plant origin, is exempliﬁed in
Fig. 2 B, where the coinjection of the mutated nonfunctional
KDC1 form (KDC1G266A mutated in the pore segment (35))
determined a dramatic 100-fold decrease of the expected
KAT1 current. Under the hypothesis that the dimers asso-
ciate randomly, the expected value of KAT1 currents for a
binomial distribution would be 1:16 of the KAT1 control
(see Materials and Methods). Interestingly, the decrease
of the current to 1:100, with respect to the KAT1 control,
suggests a nonbinomial association between KDC1 and
KAT1.
To obtain more information on the modulatory capability
of KDC1, we thought it would be useful to examine the
functional properties of conﬁgurations comprising different
KDC1 stoichiometric ratios. Therefore, we realized homo-
and hetero-dimeric constructs made of either KDC1 or
KAT1, as well as of both subunits.
FIGURE 2 KDC1 has strong afﬁnity and modulatory
capability when injected with other inward-rectifying
subunits in Xenopus oocytes. (A) Typical ionic currents
recorded after the injection of KDC1 (middle) or SKT1,
AKT1, DKT1, and KAT1 (top from left to right) and by
coinjection of KDC1 with the correspondent inward
rectifying partner (bottom); data are representative of at
least ﬁve experiments for each coinjections. (B) Glycine
266 was mutated into alanine in KDC1 pore and
the mutated KDC1G266A was injected at a 1:1 weight
ratio with wild-type KAT1. It can be observed that
KDC1G266A strongly decreases the probability of occur-
rence of KAT1 homomers. Left typical currents, right
mean currents 6 SE of 12 experiments. Applied mem-
brane potentials are from 0 mV to 240 mV in –20 mV
steps; holding and tail potentials are 0 mV and 50 mV.
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Characteristics of homomeric channels formed
by KDC1 and KAT1 dimers
The tandem construct KAT1-KAT1 injected in oocytes
showed current activation properties almost undistinguish-
able from those produced by monomeric KAT1 (Fig. 3, A,D,
and E). More speciﬁcally, the open probability characteris-
tics of homomeric channels composed by monomeric and
dimeric constructs (Fig. 3 E) displayed comparable half-
activation potentials, V1/2, and apparent gating charges, z: i.e.,
V1/2 (KAT1monomer)¼121.96 0.9mVandV1/2(KAT1dimer)¼
123.4 6 0.9 mV, while z(KAT1monomer) ¼ 1.4 6 0.7 and
z(KAT1dimer) ¼ 1.4 6 0.6 (see Table 1).
We used zinc as a molecular tool to further investigate the
similarities of KAT1 channels obtained from KAT1 mono-
mers and dimers. The addition of 1 mM ZnCl2 to the bath
solution induced a comparable inhibition of channels ex-
pressed by the two constructs (Fig. 3 B) (see also (11)).
Similarly to the KDC1 monomeric subunit, the dimeric
KDC1-KDC1 construct did not form homomeric functional
channels when injected in oocytes (Fig. 3, C and D). There-
fore, we conclude that the expression of tandem (KDC1 or
KAT1) constructs produced channels undistinguishable
from those produced by the monomeric subunits.
Characteristics of the currents elicited
by the coinjection of KDC1 and KAT1
homo- and hetero-dimeric constructs
On this basis, we coinjected the tandem constructs schemat-
ically represented in Fig. 1 and investigated the properties of
KDC1 and KAT1 heteromeric channels. The different
coinjections will be named hereafter coinjection a, b, or c,
and the stoichiometric conﬁgurations will be indicated as case
a1, b1, c1, a2, etc., according to the scheme illustrated in
Fig. 1. We ﬁnally refer to KDC1-KAT1 injection as injection
d or case d1. It is worthwhile to mention that earlier studies on
tetramerization of A-B dimers already demonstrated that
dimers pair up in an ABAB fashion, and that the formation of
functional channels, where half of the dimer is left outside the
channel core, is an improbable event (2,36–38).
When the dimeric constructs KAT1-KAT1, KDC1-KAT1,
and KDC1-KDC1 were coinjected in different combinations,
FIGURE 3 KAT1-KAT1 dimer (but not KDC1-
KDC1 dimer) forms functional channels. (A) Func-
tional expression of the KAT1-KAT1 dimeric
construct. Ionic currents elicited by voltage steps
from 0 mV to –240 mV in –20 mV decrements
from a holding potential of 0 mV in oocytes
injected with KAT1 and KAT1-KAT1 tandem
constructs. (B) Inhibition of the current for the
KAT1 and KAT1-KAT1 subunits, on the addition
of 1 mM of ZnCl2 to the bath solution. Holding,
step, and tail potential are, respectively, 0 mV,
160 mV, and –50 mV. (C) Xenopus oocytes
injected with KDC1-KDC1 tandem and stimulated
with the same potential protocol used in panel A did
not display any current. (D) Current voltage
characteristics of the current families in panels A
and C were normalized to the steady-state currents
at –240 mV and plotted as a function of the applied
voltage. (E) Open-probability characteristics of the
KAT1 monomeric and KAT1-KAT1 dimeric chan-
nels. Data were obtained from steady-state currents
like those shown in the upper panel plotted versus
voltage. Continuous and dashed curves are the best
ﬁt of mean open probability (mean6 SE) obtained
from at least eight experiments on KAT1 and
KAT1-KAT1 channels, respectively.
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large inward-rectifying and robust currents (like those shown
in Fig. 4 A–C) were observed. The currents elicited by
tandem constructs were reminiscent of the currents of the
heteromeric channels obtained by the coinjection of the
monomeric KDC1 and KAT1 subunits. Indeed, the voltage
activation characteristics of the KAT1-KAT1:KDC1-KAT1,
KAT1-KAT1:KDC1-KDC1, andKDC1-KAT1:KDC1-KDC1
heteromeric channels changed signiﬁcantly with respect to
the homomeric KAT1 currents obtained by injecting either
the KAT1 monomer or the KAT1-KAT1 dimeric construct,
which was assumed as the control (Fig. 3 A).
From the Boltzmann ﬁt of experimental data (in Fig. 4 E),
we found the following values for V1/2 and z:
V1/2(a) ¼ 176.26 1.9 mV, z(a) ¼ 1.16 0.4 (N ¼ 6) for
coinjection a;
V1/2(b) ¼ 204.7 6 1.6 mV, z(b) ¼ 1.3 6 0.4 (N ¼ 7)
for coinjection b;
V1/2(c) ¼ 207.66 1.9 mV, z(c) ¼ 1.36 0.5 (N ¼ 6) for
coinjection c (Table 1).
It could be observed that by increasing the mean number of
KDC1 subunits present in the injected constructs, the Popen
characteristics shifted toward more negative membrane
potentials while the activation kinetics slowed down (Fig.
4 F). In particular, very similar Boltzmann characteristics,
TABLE 1 Half-activation potential and apparent gating charge
of monomeric and dimeric constructs
Injection/coinjection V1/2 (mV) z N
KAT1monomer 121.9 6 0.9 1.4 6 0.7 7
KAT1dimer 123.4 6 0.9 1.4 6 0.6 7
a KAT1-KAT1:KDC1-KAT1 176.2 6 1.9 1.1 6 0.4 6
b KAT1-KAT1:KDC1-KDC1 204.7 6 1.6 1.3 6 0.4 7
c KDC1-KDC1:KDC1-KAT1 207.6 6 1.9 1.3 6 0.5 6
d KDC1-KAT1 206.4 6 1.6 1.3 6 0.5 9
Half-activation potential, V1/2, and apparent gating charge, z, obtained from
the best ﬁt with Boltzmann distribution of the open probability of diverse
monomeric or dimeric constructs injected (KAT1monomer, KAT1dimer,
and injection d) or coinjected (coinjections a, b, and c) in Xenopus
oocytes. N ¼ number of experiments.
FIGURE 4 Current families, I–V, and kinetics char-
acteristics of channels originated by coinjections of
dimeric constructs. Ionic currents elicited by voltage
steps from 0 mV to –240 mV in –20 mV decrements
from a holding potential of 0 mV, in oocytes coinjected
with the following tandem constructs at 1:1 weight ratio:
(A) KAT1-KAT1 and KDC1-KAT1 (coinjection a); (B)
KAT1-KAT1 and KDC1-KDC1 (coinjection b); and (C)
KDC1-KDC1 and KDC1-KAT1 (coinjection c). (D)
Current voltage characteristics of the current families
shown in panels A–C, normalized with respect to the
current at –240 mV. (E) Open-probability versus applied
potential for the coexpressed dimers (mean 6 SE, N $
6); continuous lines are the best ﬁts with the Boltzmann
equation of data from coinjections a–c; dashed line
represents the homomeric KAT1-KAT1 channel and
dotted line (indicated by the arrow) represents the
currents mediated by KDC1-KAT1 channels (case d1);
the inset shows a magniﬁcation of the Boltzmann curves
for coinjections b and c and KDC1-KAT1 channels. (F)
Half-activation times, t1/2, of ionic currents plotted as a
function of the membrane voltage. The symbols are the
same as in panel D. Also, in this panel, the dashed line
represents the half-activation times obtained from the
homomeric KAT1-KAT1 tandem construct, while the
dotted line corresponds to times produced by the KDC1-
KAT1 dimer.
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shifted byﬃ –80 mVwith respect to KAT1-KAT1 (Fig. 4 E),
were observed when the KDC1-KDC1 construct was
coinjected with KAT1-KAT1 (coinjection b) or KDC1-
KAT1 (coinjection c); on the contrary, whenever KAT1-
KAT1 was coinjected with the KDC1-KAT1 dimer, the
Popen characteristic was closer to the KAT1-KAT1 charac-
teristics (dashed line in Fig. 4 E) displaying a smaller shift
(i.e., ﬃ 50 mV) (with respect to KAT1-KAT1) toward
negative membrane potentials.
3KDC1/1KAT1 heteromers do not form
functional channels
If all stoichiometric assemblies (except the one comprising
4 KDC1 subunits, see Fig. 3 C) contributed to the currents,
then one should reasonably expect that the currents of the
three channel cocktails (illustrated in Fig. 1) would display
diverse activation kinetics, open probability, and response
to zinc. Interestingly, the open probabilities of coinjections b
and c were very similar to each other (the difference between
V1/2 of coinjections b and c was not statistically signiﬁcant
according to Student’s t-test, P . 0.1). Moreover, they were
comparable to those of channels comprising KDC1-KAT1
dimers only (case d1, see dotted line in Fig. 4 E and values in
Table 1), which can only generate channels with an opposite
KDC1-KAT1 symmetry. Furthermore, the activation kinet-
ics of the currents in coinjections b and c almost coincided
and were very close to those channels composed of KDC1-
KAT1 dimers only, as shown in Fig. 4 F, where the values of
the half-activation time, t1/2, are compared. These similarities
strongly support the hypothesis that the channels in b and c
comprised a large percentage of 2KDC1/2KAT1 heterodimers.
Notably, a low percentage, or the absence, of KAT1
homotetrameric channels in case b was compatible with
results reported in Fig. 2 B, where the presence of KDC1
strongly decreased the percentage of occurrence of homo-
meric KAT1 channels. These results were conﬁrmed by the
coinjection of the negative mutant dimer KDC1G266A-
KDC1G266A with KAT1-KAT1. Similarly to what was
observed in Fig. 2 B, no inward currents were detected in
10 experiments, thus indicating a high afﬁnity between
KDC1-KDC1 and KAT1-KAT1 dimers (data not shown).
To further investigate the functional composition after dif-
ferent coinjections, we took advantage of the well-charac-
terized zinc sensitivity conferred to heteromeric channels
comprising KDC1 (20). We found that zinc had different ef-
fects on the ionic current of the diverse coinjections (Fig. 5).
Zinc determined a systematic and signiﬁcant increase of the
currents produced by coinjections b and c (Fig. 5, B and C),
i.e., at 160 mV IZn/Icontrol(b) ¼ 1.9 6 0.1 (N ¼ 7) and IZn/
Icontrol(c) ¼ 1.9 6 0.2 (N ¼ 6), similarly to what had already
been reported for injection d (Fig. 5 D at V ¼ 160 mV IZn/
Icontrol(d)¼1.86 0.1, N¼ 13 (20)). Consistently, apart from
their indistinguishable open probability and kinetics, coinjec-
tions b and c also displayed comparable responses to zinc.
We have previously demonstrated that histidine 224
(H224) in the S5–S6 linker of KDC1 plays a crucial role in
the modulation of the metal sensitivity of heteromeric
KDC1-KAT1 channels (11). Channels formed by KDC1-
KAT1 dimers, where H224 was mutated into alanine
(KDC1H224A-KAT1), did not display the usual KDC1-de-
pendent zinc potentiation of the current (compare Figs. 5 D
and 6 A). We took advantage of this property to investigate
FIGURE 5 Zinc sensitivity of dimeric coexpressions. Typical potassium
currents recorded in control solution and upon addition of 1 mM Zn21 to
solutions bathing oocytes coinjected with (A) KAT1-KAT1 and KDC1-
KAT1 (coinjection a); (B) KDC1-KDC1 and KAT1-KAT1 (coinjection b);
(C) KDC1-KDC1 and KDC1-KAT1 (coinjection c); and injected with (D)
KDC1-KAT1 (injection d) tandem constructs. Holding potential and step
potential were 0 mV and 160 mV, respectively.
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the functional properties of 3KDC1/1KAT1 channel. We
demonstrated that the addition of ZnCl2 to the bath solu-
tion determined a decrease of the ionic currents also when
KDC1H224A-KAT1 was coexpressed with the wild-type
dimer KDC1-KDC1 (Fig. 6 B). If the heteromeric KDC1-
KDC1/KDC1H224A-KAT1 channel produced functional
channels, then we should at least occasionally have observed
an increase of the current upon addition of ZnCl2, owing to
the presence of two nonmutated KDC1 subunits in the chan-
nels. Actually, in nine experiments no increase of the ionic
currents was observed upon addition of ZnCl2. Furthermore,
by increasing the ratio of injected KDC1-KDC1 to
KDC1H224A-KAT1 cRNA up to 4:1, coinjection c never
displayed any current potentiation upon addition of zinc in
ﬁve experiments (Fig. 6 C).
The amplitudes of the typical currents reported in Fig. 6, B
and C, point out that the ionic currents decreased by in-
creasing the percentage of injected KDC1-KDC1 cRNA.
This conﬁrms that, in coinjection c, the stoichiometric conﬁ-
guration comprising 3KDC1 and 1KAT1 was expressed but
did not produce functional channels. Consequently, the only
heterodimer contributing to the current in injection c is case
c3, i.e., KDC1-KAT1/KDC1-KAT1.
Altogether, these results suggest that cases c3 and b2 are
equivalent to case d1. This also indicates that the adjacent or
opposite stoichiometric symmetry of the 2KAT1/2KDC1 chan-
nel does not affect channel functionality.
3KAT1/1KDC1 heteromers are functional channels
A comparison of diverse V1/2 obtained from coinjection a as
well as other coinjections (see Fig. 4 E) suggests that
tetramers in a did not comprise only KDC1-KAT1/KDC1-
KAT1 functional channels but also other stoichiometric
conﬁgurations (Student’s t-test conﬁrmed that V1/2 from
coinjections a and b were signiﬁcantly different with P ,
0.001).
Moreover, the activation kinetics of currents recorded
from coinjection a were signiﬁcantly different from those of
the other two coinjections (see Fig. 4 F); two typical traces
produced by coinjection b and c were superimposed after
normalization and reported in Fig. 7 A. The two traces
coincided in accordance with the results illustrated above. In
Fig. 7 B instead, the typical currents produced by coinjection
b and a were compared at two appropriate potentials, taking
into account the shift (DV ﬃ 130 mV) in the voltage
activation of these coinjections. The current of coinjection b
was normalized (dashed line) and superimposed with that
recorded from coinjection a. Consistently with t1/2 vs. V (Fig.
4 F), the two current traces displayed signiﬁcantly different
activation kinetics. In Fig. 7 C, the current obtained by
coinjection a (KAT1-KAT1:KDC1-KAT1) was compared
with the current obtained by a linear combination (dash-
dotted line indicated by the arrowhead) of the currents
obtained from KAT1-KAT1 injection (dashed line) with
KDC1-KAT1 injection (dotted line). The coefﬁcients of the
linear combination (obtained by means of a standard least-
square procedure of current a) were 0.42 and 0.58 for the
contributions of KAT1-KAT1 and KDC1-KAT1, respec-
tively. Clearly, the experimental heteromeric current of
coinjection a is signiﬁcantly different from the KAT1-KAT1
and KDC1-KAT1 linearly combined currents, suggesting that
the stoichiometric case a2 also produced functional channels.
Further information could be obtained, in this case, by
coinjection of tandem constructs at different cRNA weight
ratios. Fig. 7 D shows the half-activation times for the
FIGURE 6 Mutation of histidine 224 removes zinc potentiation in
coinjection c. (A) The addition of 1 mM external zinc to oocytes injected
with the mutated tandem construct KDC1H224A-KAT1 (equivalent to
injection d) did not induce any current increase. Data are representative of
over 15 experiments. (B) Also KDC1-KDC1 coinjected with KDC1H224A-
KAT1 at a cRNA ratio R ¼ 1:1 did not show any current potentiation upon
addition of external zinc to the bath. Data are representative of seven
experiments. (C) The same coinjection at a fourfold higher KDC1-
KDC1:KDC1H224A-KAT1 ratio (R ¼ 4:1) did not display any current
potentiation, either. Data are representative of six experiments. Holding
potential and step potential were 0 mV and160 mV, respectively. Schemes
at the right side illustrate the different possible cases of coinjection c.
Crossed cases represent nonconductive conﬁgurations.
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KAT1-KAT1 dimer, the KDC1-KAT1 dimer and the
coinjection of these two constructs at two different molar
ratios KAT1-KAT1:KDC1-KAT1 ¼ 1:1 and 5:1. If case a2
(3KAT1/1KDC1) did not signiﬁcantly contribute to current
in a at a 5:1 (KAT1-KAT1:KDC1-KAT1) molar ratio, we
should have expected values of the half-activation times very
similar to those of the KAT1-KAT1 dimer; instead only a
slight decrease of t1/2 vs. V was observed with respect to 1:1.
Interestingly, in oocytes challenged with coinjection a, the
mean value of the current upon addition of zinc did not
change signiﬁcantly with respect to the control (IZn/Icontrol ¼
1.06 0.1 at V¼160 mV; N¼ 13) (Fig. 5 A). This suggests
that the functional channel population expressed by the oo-
cytes in these conditions comprised another stoichiometry
beside the 2KDC1-2KAT1 tetramers.
Finally, we veriﬁed that KAT1-KAT1 and KDC1G266A-
KAT1 (mutated coinjection a) produced functional channels
(Fig. 8 A), which responded positively (IZn/Icontrol(b)¼ 1.36
0.1, N ¼ 13) to zinc challenge (Fig. 8 B).
Incidentally, this observation, together with the fact that
the mutated dimer KDC1G266A-KAT1 did not produce func-
tional channels (Fig. 8 C), suggests that two mutations within
the pore are incompatible with channel functioning, while
one mutation is tolerated and produces functional 3KAT1/
1KDC1G266A channels which respond positively to zinc.
DISCUSSION
KDC1 shows modulatory capability and high
afﬁnity for inward-rectifying K1 channel subunits
In this article we revealed for the ﬁrst time the functional
properties of individual stoichiometric conﬁgurations of
FIGURE 8 Heteromeric 3KAT1-1KDC1 channels are functional. (A)
Ionic currents elicited by voltage steps from 0 mV to –240 mV in –20 mV
decrements from a holding potential of 0 mV in an oocyte coinjected with
the negative mutated tandem construct KDC1G266A-KAT1 plus KAT1-
KAT1. (B) External zinc (1 mM) potentiates current mediated by mutated
coinjection a, KDC1G266A-KAT1 plus KAT1-KAT1. Holding and step
potential were 0 mV and 150 mV, respectively. (C) The mutated tandem
KDC1G266A-KAT1 in the KDC1 pore region does not produce currents up
to –240 mV. The same results are obtained on different oocytes (N ¼ 15).
Schemes on the right side illustrate the different conﬁgurations used.
Crossed cases represent nonconductive conﬁgurations.
FIGURE 7 Kinetics of currents mediated by different dimeric coinjec-
tions. (A) Normalized currents measured at V ¼ 160 mV in oocytes
coinjected with KAT1-KAT1 plus KDC1-KDC1 (coinjection b) and KDC1-
KAT1 plus KDC1-KDC1 (coinjection c). (B) The current measured at V ¼
180 mV in an oocyte injected with KAT1-KAT1 plus KDC1-KDC1
(coinjection b) was normalized and superimposed (dashed line) with that
measured at the corresponding voltage V ¼ 150 mV in an oocyte injected
with KAT1-KAT1 plus KDC1-KAT1 (coinjection a). For a fair analysis of
the kinetics, we compared two currents taken at voltages shifted by DV 30
mV to take into account the voltage shift of the Boltzmann distributions of
the two coinjections. (C) Current traces recorded at 150 mV from an
oocyte coinjected with KAT1-KAT1 plus KDC1-KAT1 tandem constructs
(coinjection a), and from two distinct oocytes injected with KAT1-KAT1
(V ¼ 120 mV), and KDC1-KAT1 (V ¼ 180 mV) tandem constructs,
respectively. The dash-dotted line (indicated by the arrow) represents the
linear combination of KAT1-KAT1 homomeric current (dashed line) and
KDC1-KAT1 heteromeric current (dotted line) and is superimposed to that
obtained by KAT1-KAT1 plus KDC1-KAT1 coinjection. (D) Half-activa-
tion times (mean 6 SE, N $ 8) of ionic currents plotted as a function of the
membrane voltage for KDC1-KAT1 (d1, open squares), KAT1-KAT1
(open circles) and coinjection a (KAT1-KAT1 plus KDC1-KAT1) at a
cRNA ratio 1:1 (open triangles) and 5:1 (solid triangles).
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heteromeric inward-rectifying potassium channels from plants
expressed in Xenopus oocytes. Our attention was focused on
the heteromerization of KAT1 and KDC1, investigating a
series of tandem homo- and heteromeric constructs of these
two subunits. Despite the fact that KAT1 and KDC1 derive
from different plants (A. thaliana and D. carota) (26,39),
they proved to be a convenient couple of subunits serving as a
model system in heteromerization studies of plant K1 Shaker
channels: on the one hand, KAT1 is a well-characterized
inward-rectifying potassium channel whose properties have
been investigated for almost 15 years in several expression
systems (29,40); on the other hand, KDC1 possesses peculiar
properties that facilitate the monitoring of its presence in
heteromeric channels (7,11,25). Indeed, KDC1 is a modu-
latory K1 channel subunit, belonging to the silent plant
Shaker channel group IV, which typically 1), favors the
functionality of other inward-rectifying silent a-subunits in
Xenopus oocytes; 2), slows down the activation kinetics of
heteromeric channels; 3), shifts the threshold of channel
activation toward negative voltages; and ﬁnally, 4), confers
current potentiation to heteromeric channels upon zinc addi-
tion to the bath solution (7,11,25). Interestingly our ap-
proach, based on a combination of tandem constructs and
KDC1 point mutations, demonstrated that KDC1 subunits
have a very high afﬁnity for other plant inward-rectifying
potassium channels subunits: i.e., the presence of a KDC1
subunit (either in the monomeric or the dimeric form) pre-
vented the formation of homomeric KAT1 tetramers (Fig. 2).
KDC1/KAT1 functional stoichiometry
Furthermore, we wondered whether the conﬁgurations
3KAT1/1KDC1, 2KAT1/2KDC1, and 1KAT1/3KDC1 con-
stitute functional heteromeric complexes contributing to the
macroscopic conductance of heteromeric KDC1/KAT1 chan-
nels. By analyzing the biophysical characteristics of coex-
pressed dimers (Fig. 4), the strong similarity between the
open probabilities and the activation kinetics of channels
produced by coinjections b (KAT1-KAT1:KDC1-KDC1)
and c (KAT1-KDC1:KDC1-KDC1) are immediately notice-
able. From the almost identical Boltzmann characteristics
produced by these two coinjections and case d, it is plausible
to draw up the following conclusions: in coinjection b only
a small percentage of homomeric KAT1 channels were
formed, and in coinjection c the combination of 3KDC1 and
1KAT1 subunits did not form functional channels (as dem-
onstrated in Fig. 7). In this case, the stoichiometric com-
position of coinjections b and c, where b2 and c3 are the
prevailing conﬁgurations, would be the same of the KDC1-
KAT1 dimer (case d1). This possibility was strongly
supported by the high afﬁnity of the KDC1 dimer for the
KAT1 dimer discussed above. Furthermore, a KDC1 muta-
tion that abolished zinc-potentiation demonstrated that case
c2 was regularly formed but was not functional. Conse-
quently, 2KDC1/2KAT1 channels comprising opposite
(cases c3 and d1) and adjacent (case b2) subunits had
similar properties. When the pore-mutated construct
(KDC1G266A-KAT1) was coinjected with the KAT1-KAT1
construct, only the homotetrameric KAT1 (a1) and hetero-
meric (a2) 3KAT1/1KDC1G266A channels were functional,
since the mutated conﬁguration equivalent to case a3
(2KAT1/2KDC1G266A) produced electrically silent chan-
nels. Our results indicated that the 3KAT1/1KDC1 hetero-
mer is a conductive channel. Furthermore, the small variation
of t1/2 (Fig. 7 D) after the ﬁvefold increase of KAT1-KAT1/
KDC1-KAT1 cRNA ratio, suggested that the presence of
only one KDC1 subunit in the dimer was sufﬁcient to sig-
niﬁcantly increase the formation of heteromeric 3KAT1/
1KDC1 channels, with a consequent decrease in the occur-
rence frequencies of conﬁgurations a1 and a3.
In coinjection a, differences in the zinc-response be-
tween heteromeric wild-type and pore-mutated 3KAT1/
KDC1G266A were observed (IZn/Icontrol(WT) ¼ 1.0 6 0.1
while IZn/Icontrol(mutant) ¼ 1.3 6 0.1). This difference may
be ascribed to a larger fraction of homomeric KAT1 channels
when the wild-type tandem is used instead of the mutated
(G266A) dimer. A plausible explanation may also reside in
the different structure of the pore region induced by the
G266A mutation. In KDC1/KAT1 heteromeric channels, the
typical potentiation of the current observed upon Zn21
addition to the bath solution is actually due to different
mechanisms acting in parallel (11): 1), an increase of the
current due to zinc binding to a speciﬁc site, located in the
S3–S4 and S5–S6 linkers; and 2), missing current inhibition
due to tyrosine 269 in the KDC1 pore, instead of histidine
present in all other plant potassium channels (7,11,41). In
KDC1, tyrosine 269 is located in the crucial pore region
264GYGDLY, in close proximity to our mutation G266A,
which produces electrically silent channels. Possibly, this
pore mutation gives a further contribution to the relief of zinc
block in KDC1 heteromeric mutated channels. This hypoth-
esis is supported by the different behavior of heteromeric
mutated channel with respect to homomeric KAT1 and
heteromeric wild-type channel upon addition of nickel (data
not shown). In fact, nickel reduces up to 50% of the KAT1
homomeric current, whereas, contrary to zinc, it typically
induces only a reduced inhibition but no increase of
the KDC1-KAT1 heterodimer current (11). It has been hy-
pothesized that, in this case, the machinery responsible for
current inhibition prevails with respect to current potentia-
tion mechanisms. In the mutated coinjection 3KAT1/
1KDC1G266A, but not in the wild-type coinjection 3KAT1/
1KDC1, Ni21 induced a current enhancement (data not
shown); this supports the hypothesis that, when the het-
eromeric pore carries just one G266A mutation, it becomes
less sensitive to nickel binding and consequently current po-
tentiation prevails.
This is a further proof that a KDC1 subunit participates
in the pore of heteromeric KDC1-KAT1 channels (see (7))
and demonstrates that, while two subunits with a G266A
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mutation are incompatible with channel functioning, one
mutation in the pore affects the accessibility of divalent ions
to the pore but does not jeopardize channel functionality.
CONCLUSIONS
Heteromerization capability of a-modulatory subunits in-
vestigated in animal voltage-gated channels showed some
differences with our results. For example, a ﬁxed 3:1 stoi-
chiometry between a-subunits and modulatory a-subunit
was observed both in Kv (13–15) and CNG channels (24). In
Kv channels it has been shown that the formation of dimers
of two modulatory a-values is very unlikely, whereas
heteromeric and homomeric nonmodulatory dimers are
expected to form readily. Our experimental conditions
were rather different since the a-value tandems were
artiﬁcially constructed. Consequently, we did not have
information on the probability of dimer formation; never-
theless, our results indicated that the formation of a tetramer
composed by two different homomeric dimers (KAT1-
KAT1 and KDC1-KDC1) was highly probable. Moreover,
when KAT1 and KDC1 monomers were coinjected in
oocytes at 1:1 cRNA ratio, the currents were very similar to
those expressed by KDC1-KAT1 tandem constructs, indi-
cating that the 1:1 KDC1:KAT1 stoichiometry was preferred
(13–15). Moreover, the 3KAT1/1KDC1 channel also
resulted to be a functional heteromer. Therefore, in our
working conditions, the coexpression with KAT1 of a plant
potassium modulatory KDC1 subunit seems to give rise to
different solutions with respect to animal channels, as KDC1
and KAT1 display a variable stoichiometry.
Possibly, like KAT1 does in oocytes, other endogenous
Shaker subunits might cooperate with KDC1 in carrots to
form heteromeric channels displaying activation and metal
sensitivity characteristics, which depend on the properties of
subunits participating in the channel.
We acknowledge the contributions of J. Scholz-Starke and P. Gavazzo, who
both read the manuscript with a critical approach. English revision of the
manuscript was by Paola Zucchi.
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